Jernigan NL, Walker BR, Resta TC. Reactive oxygen species mediate RhoA/Rho kinase-induced Ca 2ϩ sensitization in pulmonary vascular smooth muscle following chronic hypoxia. Am J Physiol Lung Cell Mol Physiol 295: L515-L529, 2008. First published July 11, 2008 doi:10.1152/ajplung.00355.2007.-Recent evidence supports a prominent role for Rho kinase (ROK)-mediated pulmonary vasoconstriction in the development and maintenance of chronic hypoxia (CH)-induced pulmonary hypertension. Endothelin (ET)-1 contributes to the pulmonary hypertensive response to CH, and recent studies by our laboratory and others indicate that pulmonary vascular reactivity following CH is largely independent of changes in vascular smooth muscle (VSM) intracellular free calcium concentration ([Ca 2ϩ ]i). In addition, CH increases generation of reactive oxygen species (ROS) in pulmonary arteries, which may underlie the shift toward ROK-dependent Ca 2ϩ sensitization. Therefore, we hypothesized that ROS-dependent RhoA/ROK signaling mediates ET-1-induced Ca 2ϩ sensitization in pulmonary VSM following CH. To test this hypothesis, we determined the effect of pharmacological inhibitors of ROK, myosin light chain kinase (MLCK), tyrosine kinase (TK), and PKC on ET-1-induced vasoconstriction in endotheliumdenuded, Ca 2ϩ -permeabilized small pulmonary arteries from control and CH (4 wk at 0.5 atm) rats. Further experiments examined ET-1-mediated, ROK-dependent phosphorylation of the regulatory subunit of myosin light chain phosphatase (MLCP), MYPT1. Finally, we measured ET-1-induced ROS generation in dihydroethidiumloaded small pulmonary arteries and investigated the role of ROS in mediating ET-1-induced, RhoA/ROK-dependent Ca 2ϩ sensitization using the superoxide anion scavenger, tiron. We found that CH increases ET-1-induced Ca 2ϩ sensitization that is sensitive to inhibition of ROK and MLCK, but not PKC or TK, and correlates with ROK-dependent MYPT1 Thr696 phosphorylation. Furthermore, tiron inhibited basal and ET-1-stimulated ROS generation, RhoA activation, and VSM Ca 2ϩ sensitization following CH. We conclude that CH augments ET-1-induced Ca 2ϩ sensitization through ROS-dependent activation of RhoA/ROK signaling in pulmonary VSM.
PULMONARY HYPERTENSION, ASSOCIATED with high altitude exposure and chronic obstructive pulmonary disease, is attributed to both structural remodeling as well as enhanced vasoconstriction in the pulmonary vasculature. Although it has been widely believed that vascular remodeling due to medial hypertrophy of pulmonary vascular smooth muscle (VSM) is the key mediator of increased vascular resistance following chronic hypoxia (CH), it is now evident that vasoconstriction may play a more prominent role than remodeling in the elevation of pulmonary vascular resistance and arterial pressure in rats (51) . Consistent with this possibility, CH-induced pulmonary hypertension can be acutely reversed by inhibition of Rho kinase (ROK), a mediator of myofilament contractility (21, 41, 44) , suggesting ROK-mediated vasoconstriction contributes substantially to increased pulmonary vascular resistance.
The 21-amino acid peptide endothelin (ET)-1 has both vasoactive and mitogenic properties and plays a significant role in the pathogenesis of CH-induced pulmonary hypertension (4, 7, 10) . Under normal conditions, vasoconstrictor responses to ET-1 are mediated by Ca 2ϩ influx through L-type Ca 2ϩ channels and Ca 2ϩ release from the sarcoplasmic reticulum (45) . However, in pulmonary arterial myocytes isolated from CH rats, ET-1-induced contraction is largely independent of changes in [Ca 2ϩ ] i (50) , a phenomenon known as Ca 2ϩ sensitization of the contractile apparatus. There are several possible signaling pathways responsible for Ca 2ϩ sensitization, including PKC, tyrosine kinases (TK), and RhoA/ROK, all of which have been shown to be activated by ET-1 (39, 43, 45, 48) . Recent studies have demonstrated that CH is associated with increased RhoA activation, ROK expression, and RhoA/ROK-dependent vasoconstriction (3, 5, 13, 26, 41, 44) . Therefore, we first hypothesized that CH augments ET-1-induced Ca 2ϩ sensitization through the RhoA/ROK signaling pathway.
Although studies from our laboratory and others have provided convincing evidence for upregulation of RhoA/ROK signaling following CH (3, 14, 17, 21, 26, 41) , the cause of this upregulation is unknown. Hypoxia has been shown to increase production of reactive oxygen species (ROS), such as superoxide anion (O 2 Ϫ ) and hydrogen peroxide, in rat pulmonary arterial VSM (30, 53, 55, 59 ) and endothelial (16, 60) cells. ROS are important modulators of vascular tone and can function as second messengers to activate multiple intracellular signaling cascades, including that of RhoA/ROK (29) . Therefore, we further hypothesized that ROS mediate RhoA/ROKdependent Ca 2ϩ sensitization to ET-1 in pulmonary VSM following CH. In this study, we examined various signaling pathways that may be involved in ET-1-induced Ca 2ϩ sensitization in pulmonary arteries following CH. Our findings demonstrate an effect of CH to augment ET-1-mediated myofilament Ca 2ϩ sensitization through ROS-dependent activation of the RhoA/ROK signaling pathway in pulmonary VSM.
METHODS
All protocols employed in this study were reviewed and approved by the Institutional Animal Care and Use Committee of the University of New Mexico School of Medicine (Albuquerque, NM).
Experimental Groups
Male Sprague-Dawley rats (250 -300 g body wt, Harlan Industries) were divided into two groups for each experiment. Animals designated for exposure to CH were housed in a hypobaric chamber with barometric pressure maintained at ϳ380 mmHg for 4 wk. The chamber was opened three times per week to provide animals with fresh food, water, and clean bedding. Age-matched control animals were housed at ambient barometric pressure (ϳ630 mmHg). All animals were maintained on a 12:12-h light-dark cycle. We have previously shown that this model of CH produces many of the cardiopulmonary changes observed in chronic obstructive pulmonary disease and prolonged residence at high altitude, including right ventricular hypertrophy, pulmonary hypertension, arterial remodeling, and polycythemia (47) .
Cannulation and Pressurization of Small Pulmonary Arteries for Assessment of Vasoreactivity
Rats were anesthetized with pentobarbital sodium (200 mg/kg ip), and the heart and lungs were exposed by midline thoracotomy. The left lung was removed and immediately placed in ice-cold physiological saline solution (PSS, pH 7.4) containing (in mM) 129.8 NaCl, 5.4 KCl, 0.5 NaH 2PO4, 0.83 MgSO4, 19 NaHCO3, 1.8 CaCl2, and 5.5 glucose (all from Sigma). Fourth-order intrapulmonary arteries [100 -200 m inner diameter (ID)] of ϳ1-mm length and without visible side branches were dissected free and transferred to a vessel chamber (CH-1, Living Systems). The proximal end of the artery was cannulated with a tapered glass pipette, secured in place with a single strand of silk ligature, and gently flushed to remove any blood from the lumen. The vessel was stretched longitudinally to approximate in situ length and pressurized with a servo-controlled peristaltic pump (Living Systems) to 12 mmHg. A transmural pressure of 12 mmHg was chosen for both control and CH vessels based on our earlier findings that NO-mediated vasodilation and associated VSM [Ca 2ϩ ]i responses were similar between control and CH arteries whether studied at 12 or 35 mmHg (25) . Arteries were required to hold a steady pressure on switching off the servo-control function to verify the absence of leaks; any vessel with apparent leaks was discarded. The vessel chamber was transferred to the stage of a Nikon Eclipse TS100 microscope where vessels were superfused with PSS equilibrated with a gas mixture containing 10% O 2, 6% CO2, and balance N2. A vessel chamber cover was positioned to permit this same gas mixture to flow over the top of the chamber bath. Previous studies from our laboratory (25) indicate that this gas mixture yields an approximate superfusate pH ϭ 7.40, PO 2 ϭ 57 mmHg, and PCO2 ϭ 31 mmHg. Bright-field images were obtained with an IonOptix CCD100M camera, and dimensional analysis was performed by IonOptix SarcLen software to measure ID.
Verification of Endothelial Integrity/Disruption
For experiments in endothelium-intact vessels, endothelial integrity was assessed by preconstricting arteries with UTP (2-5 M) and measuring the subsequent vasodilatory response to ACh (1 M). To examine VSM reactivity to ET-1 without the complicating influence of ET B receptor (ETBR) activation on the endothelium, the majority of experiments were performed in endothelium-disrupted vessels. After cannulating the proximal end of the vessel and flushing out blood, the vessel lumen was rubbed with a strand of moose mane to disrupt the endothelium. The effectiveness of endothelial disruption was verified by the lack of a vasodilatory response to ACh. Following administration of ACh, vessels were rinsed in normal PSS and loaded with fura 2-AM as indicated below. These methods have been described in previous studies from our laboratory (24, 26, 27) .
Measurement of VSM [Ca 2ϩ ]i
Pressurized arteries were loaded abluminally with the cell-permeant, ratiometric, Ca 2ϩ -sensitive fluorescent indicator fura 2-AM (2 M and 0.05% pluronic acid, Molecular Probes) as we have previously reported (24, 26, 27) . Arteries were incubated in this solution for 45 min at room temperature in the dark and were equilibrated with the 10% O 2 gas mixture during this loading period. Vessels were rinsed for 20 min with aerated PSS (37°C) after the loading period to wash out excess dye and to allow for hydrolysis of AM groups by intracellular esterases. Fura 2-loaded vessels were alternately excited at 340 and 380 nm at a frequency of 1 Hz with an IonOptix Hyperswitch dual-excitation light source, and the respective 510-nm emissions were collected with a photomultiplier tube. Background-subtracted 340/380 emission ratios were calculated with IonOptix Ion Wizard software and recorded continuously throughout the experiment, with simultaneous measurement of ID from red-wavelength bright-field images as described above. 
VSM

Isolated Vessel Experiments
ET-1-mediated constriction in endothelium-intact and -disrupted arteries. The effect of CH exposure on vasoreactivity to ET-1 was assessed by generating cumulative concentration-response curves to ET-1 (10 Ϫ12 to 10 Ϫ7 M, Sigma) in endothelium-intact and endothelium-disrupted, small pulmonary arteries from control and CH rats. Similar protocols were conducted in the presence of Y-27632 or tiron in endothelium-intact arteries to evaluate the contribution of ROK and ROS to altered vasoconstrictor reactivity following CH.
ET-1-mediated Ca 2ϩ sensitization. The effect of CH exposure on ET-1 (10 Ϫ10 to 10 Ϫ7 M)-mediated Ca 2ϩ sensitization was assessed in endothelium-denuded, small pulmonary arteries from control and CH rats. In separate sets of experiments, we assessed the mechanism of Ca 2ϩ sensitization by examining the effects of myosin light chain (MLC) kinase (MLCK), ROK, PKC, and TK inhibition on ET-1-mediated Ca 2ϩ sensitization in small pulmonary arteries. After fura 2 loading and permeabilization, arteries were allowed to incubate 30 min with the MLCK inhibitor, ML-9 (100 M, Biomol), the ROK inhibitor, Y-27632 (10 M, Calbiochem), the broad-spectrum PKC inhibitor, GF-109203X (1 M, Biomol), the TK inhibitor, genistein (100 M, Calbiochem), or vehicle (PSS, DMSO, or 50% ethanol) before attaining a concentration-response curve to ET-1 (10 Ϫ10 to 10 Ϫ7 M). The concentrations and specificity of these inhibitors have been previously verified by our laboratory (26) or others (41, 57) .
Role of ETA and ETB receptors in ET-1-mediated Ca 2ϩ sensitization. The role of ETAR and ETBR in ET-1-induced Ca 2ϩ sensitization was assessed in permeabilized and endothelium-denuded small pulmonary arteries from control and CH rats. A cumulative concentration-response relationship to ET-1 (10 Ϫ10 to 10 Ϫ7 M) was assessed in arteries in the presence of the ETAR antagonist, BQ-123 (10 M, Calbiochem), the ETBR antagonist, BQ-788 (10 M, Calbiochem), a combination of both BQ-123 and BQ-788 (10 M each), or vehicle (PSS or DMSO). We (27) have previously demonstrated that this concentration of BQ-123 attenuates ET-1-mediated constriction in small pulmonary arteries from control animals.
Role of ROS in ET-1-induced Ca
2ϩ sensitization. The contribution of ROS to ET-1-induced Ca 2ϩ sensitization was assessed in permeabilized and endothelium-denuded small pulmonary arteries from control and CH rats. A cumulative concentration-response relationship to ET-1 (10 Ϫ10 to 10 Ϫ7 M) was assessed in arteries in the presence of the O 2 Ϫ scavenger, 4,5-dihydroxy-1,3-benzene disulfonic acid (tiron; 10 mM; Sigma) or vehicle (PSS). This concentration of tiron inhibits xanthine-oxidase-induced ROS generation in isolated pulmonary arteries as determined in previous studies by our laboratory (27) .
Fluorescence Detection of O 2
Ϫ by Dihydroethidium in Isolated Small Pulmonary Arteries Dihydroethidium (DHE; Molecular Probes) was used to evaluate effects of CH on ET-1-induced ROS production in isolated, pressurized arteries. Cells are permeable to DHE, which is converted to the fluorescent products ethidium and 2-hydroxyethidium in an O 2 Ϫ -dependent manner (8, 61) . After the 30-min equilibration, the pressurized pulmonary arteries were loaded with DHE (10 M DHE and 0.05% pluronic acid). Vessels were incubated in this solution for 30 min at room temperature in the dark and then rinsed for 5 min with PSS (37°C) to wash out excess dye. We obtained fluorescent images using a standard tetramethylrhodamine isothiocyanate (TRITC) filter (excitation ϳ550 nm and emission ϳ600 nm) before loading the vessel (for background subtraction) and after the 30-min incubation with DHE. ET-1 (10 Ϫ9 M) was added to the superfusate, and DHE fluorescence was monitored for 10 min. This concentration of ET-1 resulted in approximately half-maximal constriction in both groups (Fig. 2) . Images (1 per minute) were generated with a CCD camera (SenSys 1400) and processed with MetaFluor software (Universal Imaging). Normalized fluorescence intensity is defined as average gray-scale values for all pixels in the field above background. In separate experiments, vessels were pretreated with tiron (10 mM) before administration of ET-1.
Western Blotting
Western blotting procedures were used to determine effects of CH on ET-1-mediated RhoA activation and phosphorylation of the myosin binding subunit (MYPT1) of MLC phosphatase (MLCP). To obtain sufficient tissue for analysis, intrapulmonary arteries (approximately 2nd through 5th order) from the left and right lungs were dissected from accompanying airways and surrounding lung tissue in a HEPES-based PSS (in MM, 130 NaCl, 4 KCl, 1.2 MgSO4, 4 NaHCO3, 1.8 CaCl2, 10 HEPES, 1.18 KH2PO4, 6 glucose, and 0.03 EDTA, pH adjusted to 7.4 with NaOH). A HEPES-based PSS was used to maintain physiological pH during dissection since the solution was not aerated with the 10% O2, 6% CO2, balance N2 gas mixture used for vasoreactivity protocols. Arteries were incubated at 37°C for 30 min in the presence of vehicle, Y-27632 (10 M, for analysis of ROK-dependent phosphorylation of MYPT1) or tiron (10 mM, for analysis of ROSmediated activation of RhoA). After 30 min, some arteries were stimulated with ET-1 (10 Ϫ8 M) for 5 min before being snap-frozen in liquid N2. This concentration of ET-1 resulted in the greatest difference in vasoconstriction between groups in permeabilized arteries (Fig. 3) . Each sample was homogenized in 10 mM Tris ⅐ HCl homogenization buffer containing 255 mM sucrose, 2 mM EDTA, 12 M leupeptin, 1 M pepstatin A, 0.3 M aprotinin, and 1 mM phenylmethylsulfonyl fluoride (all from Sigma). Samples were centrifuged at 10,000 g for 10 min at 4°C to remove insoluble debris. The supernatant was collected, and sample protein concentrations were determined by the Bradford method (Bio-Rad Protein Assay). Control experiments were conducted using different concentrations of protein to ensure linearity of the densitometry curve.
Phospho-MYPT1
ROK-dependent phosphorylation of MYPT1 was measured using antibodies specific for MYPT1 phosphorylated at Thr 696 (pMYPT1 Thr696 ) or Thr 850 (pMYPT1 Thr850 ) using a protocol similar to previously published work (13) . Briefly, pulmonary artery lysates (35 g per lane) were separated by SDS-PAGE (12% Tris ⅐ HCl gels, Bio-Rad) and transferred to polyvinylidene difluoride membranes. Blots were blocked for 1 h at room temperature with 5% BSA and 0.05% Tween 20 (Bio-Rad) in TBS containing 10 mM Tris ⅐ HCl and 50 mM NaCl (pH 7.5). Blots were then incubated overnight at 4°C with polyclonal anti-pMYPT1
Thr696
(1:1,000, Upstate Biotechnology), antipMYPT1 Thr850 (1:1,000, Upstate Biotechnology), or monoclonal anti-MYPT1 (1:500, BD Biosciences). For immunochemical labeling, blots were incubated for 1 h at room temperature with goat anti-rabbit IgG-horseradish peroxidase (HRP; 1:2,500, for pMYPT1
Thr696 and pMYPT1
Thr850 ; Bio-Rad) or goat anti-mouse IgG-HRP (1:2,500, for MYPT1; Bio-Rad). After chemiluminescence labeling (ECL, Amersham), pMYPT1
Thr696 , pMYPT1 Thr850 , and MYPT1 bands were detected by exposing the blots to chemiluminescence-sensitive film (Kodak). Quantification of the bands was accomplished by densitometric analysis of scanned images (SigmaGel software, SPSS). Bands for pMYPT1
Thr696 and pMYPT1 Thr850 were normalized to those of MYPT1.
RhoA Activation
RhoA activity was assessed using a Rho activation assay kit (Cytoskeleton) that detects levels of GTP-bound RhoA as previously published from our laboratory (26) . Activated RhoA was purified from vessel homogenates by incubation for 1 h at 4°C with RhotekinRho binding domain (RBD) glutathione affinity beads (0.5 mg of sample protein per 50 g of Rhotekin-RBD beads), which specifically bind GTP-bound RhoA. Samples were pelleted by centrifugation, and the supernatant was discarded before washing the samples with a solution containing 25 mM Tris (pH 7.5), 30 mM MgCl 2, 40 mM NaCl, and 150 mM EDTA. The pellet was resuspended in Laemmli buffer, separated by SDS-PAGE (15% Tris ⅐ HCl gels, Bio-Rad), and transferred to polyvinylidene difluoride membranes. Blots were blocked for 1 h at room temperature with 5% nonfat milk and 0.05% Tween 20 (Bio-Rad) in TBS. Blots were then incubated overnight at 4°C with a mouse monoclonal antibody for RhoA (1:500, Cytoskeleton). For immunochemical labeling, blots were incubated for 1 h at room temperature with goat anti-mouse IgG-HRP (1:5,000, The Jackson Laboratories). After chemiluminescence labeling (ECL, Amersham), RhoA (ϳ23 kDa) bands were detected by exposing the blots to chemiluminescence-sensitive film (Kodak). Total RhoA protein (25 g per lane) was determined in separate Western blots and used to normalize GTP-bound RhoA densitometric units.
Calculations and Statistics
Vasoconstrictor responses were calculated as percentages of baseline ID. VSM [Ca 2ϩ ]i is represented as a change in the fura 2 emission ratios (F340/F380) from baseline. pMYPT1 and GTP-bound RhoA were normalized to total MYPT1 and RhoA expression, respectively, for each sample. All data are expressed as means Ϯ SE, and values of n refer to the number of animals in each group. A two-way ANOVA was used to make comparisons when appropriate. If differences were detected by ANOVA, individual groups were compared with the Student-Newman-Keuls test. A probability of P Յ 0.05 was accepted as significant for all comparisons. To determine dependency of vasoconstriction on Ca 2ϩ , data were plotted as percent vasoconstriction as a function of the change in VSM [Ca 2ϩ ]i (Fig. 2C) . To address whether the curves between control and CH were different, we fit separate cubic spline models to each group where each spline had a single knot at 0.20 (R 2 ϭ 98.8%) and then tested the regression between groups. Ϫ10 M) was present in endothelium-intact vessels from CH rats but not controls (Fig. 1A) , presumably reflecting a reduction in CH-induced myogenic tone as recently reported (5). However, vasoconstriction was augmented at higher concentrations of ET-1 in arteries from CH rats compared with control vessels, with significance achieved at 10 Ϫ7 M. In control arteries, [Ca 2ϩ ] i was moderately elevated in response to ET-1 (3 ϫ 10 Ϫ9 to 10 Ϫ7 M; Fig. 1B ). In contrast, VSM [Ca 2ϩ ] i progressively decreased by ET-1 in arteries from CH rats, consistent with the observed vasodilatory response in these vessels at lower concentrations. Interestingly, [Ca 2ϩ ] i continued to fall in arteries from CH rats despite substantial vasoconstriction to ET-1 observed at higher concentrations (10 Ϫ9 to 10 Ϫ7 M), thus demonstrating an effect of CH to increase ET-1-induced myofilament Ca 2ϩ sensitivity.
RESULTS
Vessel
CH Enhances ET-1-Mediated Vasoconstriction but Attenuates the VSM [Ca 2ϩ ] i Response to ET-1 in Endothelium-Disrupted Pulmonary Arteries
Vasoconstriction to lower concentrations of ET-1 (3 ϫ 10 Ϫ12 to 10 Ϫ10 M) was augmented in endothelium-disrupted vessels from CH rats compared with controls ( Fig. 2A) ( Figs. 1 and 2 ), ET-1-mediated vasoconstriction was greater in Ca 2ϩ -permeabilized arteries from CH rats vs. controls (Fig. 3B) , whereas VSM [Ca 2ϩ ] i remained stable in arteries from both groups (Fig. 3C) . 
Augmented ET-1-Induced Pulmonary VSM Ca 2ϩ Sensitization Following CH is Mediated Predominantly by ET A R Activation
In arteries from control animals, inhibition of ET A R with BQ-123 had little effect on ET-1-mediated constriction except for an unexpected augmentation of the response to 10 Ϫ8 M ET-1 (Fig. 4A) , whereas the ET B R antagonist, BQ-788, attenuated vasoreactivity to ET-1 only at the 10 Ϫ8 M concentration (Fig.  4C) . In contrast, inhibition of either ET A R or ET B R reduced ET-1-mediated constriction in CH arteries, although ET A R blockade (Fig. 4B ) was more effective than ET B R inhibition (Fig. 4D) . The combination of ET A /ET B inhibition nearly abolished ET-1 vasoconstrictor responses in both groups (Fig. 4, E and F) .
Increased ET-1-Induced Pulmonary VSM Ca 2ϩ Sensitization Following CH is Dependent on ROK but Not PKC or TK
The MLCK inhibitor ML-9 blunted vasoconstriction to ET-1 in Ca 2ϩ -permeabilized arteries from both groups, resulting in similar vasoreactivity between groups (Fig. 5, A and B) . Consistent with effects of ML-9, ROK inhibition with Y-27632 markedly inhibited reactivity in CH vessels, effectively normalizing constriction to that of control arteries (Fig. 5, C and   D) . In contrast, only a modest effect of Y-27632 to inhibit Ca 2ϩ sensitization was observed in arteries from control rats (Fig. 5C) . The PKC inhibitor GF-109203X and the TK antagonist genistein were without effect on ET-1-induced constric- tion in permeabilized arteries from either control or CH rats (Fig. 5, E-H) .
In agreement with responses to ROK inhibition in Ca 2ϩ -permeabilized vessels, Y-27632 attenuated vasoconstriction to ET-1 in endothelium-intact (nonpermeabilized) arteries from CH rats without altering reactivity in control vessels (Fig. 6, A  and B) . Furthermore, Y-27632 alone caused a significant reduction in basal tone in arteries from CH rats (15.5% Ϯ 6.5%) but not in control arteries (0.2% Ϯ 0.8%), thus supporting our recent findings that CH induces myogenic tone in these arteries through a ROK-dependent Ca 2ϩ sensitization mechanism (5). Consequently, ROK inhibition similarly abolished the vasodilatory responses to lower concentrations of ET-1 in CH arteries (Fig. 6B) . Y-27632 did not alter VSM [Ca 2ϩ ] i responses to ET-1 in arteries from either group of rats (Fig. 6, C and D) . Collectively, these data support a role for CH to augment ET-1-dependent VSM Ca 2ϩ sensitization via the RhoA/ROK signaling pathway.
ET-1 Stimulates ROK-Dependent MYPT1 Phosphorylation in Control and CH Arteries
Basal levels of pMYPT1 Thr696 were greater in control vs. CH arteries (Fig. 7A) , whereas basal pMYPT1 Thr850 was increased following CH (Fig. 7B) . ET-1 increased levels of pMYPT1 Thr696 in CH arteries (Fig. 7A ) and pMYPT1
Thr850 in control arteries (Fig. 7B) . Furthermore, this ET-1-stimulated phosphorylation was inhibited by preincubation with Y-27632 in both groups (Fig. 7) . Neither ET-1 nor Y-27632 altered pMYPT1 Thr850 in CH arteries.
ROS Generation Contributes to ET-1-Induced Pulmonary VSM Ca 2ϩ Sensitization Following CH
Similar to effects of ROK inhibition (Fig. 5D ), the O 2 Ϫ scavenger tiron largely inhibited ET-1 vasoconstriction in Ca 2ϩ -permeabilized CH arteries (Fig. 8B ) and normalized vasoconstrictor responses between groups while having little inhibitory effect in control arteries (Fig. 8A) .
In endothelium-intact, nonpermeabilized arteries, tiron abolished the ET-1-mediated vasodilation in CH vessels (Fig. 9B ) similar to that observed with Y-27632 (Fig. 6B) , thus supporting a contribution of O 2 Ϫ to CH-induced basal tone. Furthermore, tiron tended to reduce the vasoconstrictor response to higher concentrations of ET-1 in CH arteries, although this effect did not reach statistical significance. Although tiron attenuated the fall in VSM [Ca 2ϩ ] i in response to ET-1 in arteries from CH rats (Fig. 9D) , the O 2 Ϫ inhibitor did not alter either vasoconstrictor responses (Fig. 9A) or changes in VSM [Ca 2ϩ ] i (Fig. 9C) to ET-1 in control arteries. 
CH Increases Basal and ET-1-Stimulated O 2 Ϫ Levels in Pulmonary Arteries
Basal DHE fluorescence was significantly elevated in endothelium-disrupted small pulmonary arteries from CH rats compared with controls (Fig. 10, A and B) . Addition of ET-1 increased DHE fluorescence in arteries from CH but not control animals. As expected, tiron abolished both the CH-induced elevation in basal ROS and ET-1-stimulated ROS production without altering DHE fluorescence in control arteries.
ROS Mediate CH-Induced Increases in Both Basal and ET-1-Stimulated RhoA Activity
As previously reported (26) , CH was associated with enhanced basal arterial RhoA activity (Fig. 11, A and B) . In addition, ET-1 caused an increase in GTP-bound RhoA levels in arteries from CH but not control animals (Fig. 11B) . Consistent with an inhibitory influence of tiron on ET-1-mediated Ca 2ϩ sensitization in CH arteries (Fig. 8B) , tiron abolished both the CH-induced elevation in basal GTP-bound RhoA and ET-1-induced RhoA activation in pulmonary arterial homogenates (Fig. 11B) . There was no effect of tiron in control arteries.
DISCUSSION
The present study examined the hypothesis that ROS mediate increased ET-1-induced, ROK-dependent pulmonary VSM Ca 2ϩ sensitization following CH. The major findings from this study are: 1) CH attenuates ET-1-dependent increases in VSM [Ca 2ϩ ] i and mediates a shift in ET-1 signaling toward enhanced myofilament Ca 2ϩ sensitization in isolated, pressurized, small pulmonary arteries; 2) CH increases ET-1-induced VSM Ca 2ϩ sensitization through a ROK-dependent signaling mechanism; 3) elevated VSM Ca 2ϩ sensitivity to ET-1 following CH is associated with ROK-dependent phosphorylation of MYPT1 Thr696 ; 4) ET-1-induced Ca 2ϩ sensitization in arteries from CH rats occurs predominantly through ET A R stimulation; and 5) ROS scavenging inhibits basal and ET-1-stimulated O 2 Ϫ generation, RhoA activation, and ET-1-dependent Ca 2ϩ sensitization following CH (Fig. 12) . These results suggest that CH promotes ET-1-mediated myofilament Ca 2ϩ sensitization through ROS-dependent activation of the RhoA/ROK signaling pathway in small pulmonary arteries.
ET-1 is an important mediator of CH-induced pulmonary hypertension, given that administration of ET-1 receptor antagonists prevents and reverses pulmonary hypertension in CH rats (4, 7, 10) . CH is associated with increases in ET-1, ET A R, and ET B R expression in the lung (11, 33) and augments ET-1-dependent pulmonary vasoconstriction (9, 38, 54) . However, binding of ET-1 to ET B R on endothelial cells can lead to endothelium-dependent vasodilation, which is also augmented following CH (40, 46) . A novel aspect of the current study is that we have isolated VSM responses to ET-1 by endothelium disruption of pressurized small pulmonary arteries. In this setting, we found that CH augments vasoconstriction to ET-1 at lower concentrations (3 ϫ 10 Ϫ12 to 10 Ϫ10 M), although reactivity to ET-1 converges between control and CH groups at higher concentrations (Ն3 ϫ 10 Ϫ10 M). Interestingly, these responses correlate with a marked reduction in ET-1-induced VSM [Ca 2ϩ ] i mobilization following CH, suggesting a myofilament Ca 2ϩ -sensitization mechanism is enhanced in the hypertensive pulmonary circulation. Such divergence between ET-1-dependent vasoconstriction and Ca 2ϩ mobilization is consistent with studies by Shimoda et al. (50) , demonstrating that ET-1-induced contraction of pulmonary arterial smooth muscle cells from CH rats occurs by a mechanism primarily independent of changes in [Ca 2ϩ ] i . The mechanism by which CH inhibits agonist-induced VSM [Ca 2ϩ ] i mobilization is largely unknown but may involve reduced Ca 2ϩ entry through voltage-gated Ca 2ϩ channels (42, 50) . Furthermore, recent data from our laboratory indicate that CH impairs both store- operated and receptor-operated Ca 2ϩ entry in pulmonary VSM (24) . An additional unique aspect of our preparation is that we are able to clamp VSM [Ca 2ϩ ] i with the selective Ca 2ϩ ionophore, ionomycin, while simultaneously measuring vasoconstrictor responses to ET-1. This approach allows us to specifically isolate Ca 2ϩ -sensitization mechanisms that regulate vascular tone independent of changes in VSM [Ca 2ϩ ] i . Following permeabilization, we observed a substantial increase in vasoconstrictor sensitivity to ET-1 in arteries from CH animals compared with controls, thus demonstrating a clear Fig. 8 . Reactive oxygen species (ROS) generation contributes to ET-1-induced pulmonary VSM Ca 2ϩ sensitization following CH. Percent vasoconstriction (percent baseline ID) to ET-1 (10 Ϫ10 to 10 Ϫ7 M) in isolated, permeabilized, endothelium-disrupted small pulmonary arteries from control (A) and CH (B) rats in the presence of tiron (10 mM; n ϭ 4 per group). Values are means Ϯ SE. *P Յ 0.05 vs. control group. #P Յ 0.05 vs. corresponding vehicle group. For purposes of illustration, the same vehicle groups are used as those shown in Fig. 3 . effect of CH to upregulate signaling mechanisms that increase myofilament Ca 2ϩ sensitivity in the pulmonary circulation. Several protein kinase pathways that inhibit MLCP activity could potentially be responsible for enhanced ET-1-induced Ca 2ϩ sensitization following CH. Consistent with our hypothesis, inhibition of ROK with Y-27632 reduced ET-1-mediated Ca 2ϩ sensitization in arteries from CH rats and normalized responses between groups. However, neither inhibition of PKC nor TK had an effect on ET-1-induced Ca 2ϩ sensitization. These results are similar to recent findings by other investigators (57) demonstrating that contraction induced by ET-1 in intrapulmonary arteries from CH rats requires activation of ROK but not PKC. Furthermore, a recent study by Homma et al. (20) suggests that endogenous ET-1 contributes to increased RhoA/ROK-mediated Ca 2ϩ sensitization in the pulmonary circulation of CH rats. In contrast, TK was found to play an important role in ET-1-induced contraction of intrapulmonary arterial rings from CH rats (57) . Moreover, Nagaoka et al. (41) also demonstrated that RhoA/ROK-mediated Ca 2ϩ sensitization is involved in sustained vasoconstriction and increased vasoreactivity in CH-induced pulmonary hypertension but failed to detect a role for either PKC or TK. These studies along with previous findings from our laboratory (26) demonstrating that CH increases basal and stimulated levels of GTPbound RhoA, ROK expression, and UTP-induced RhoA/ROK Ca 2ϩ sensitization suggest a central role for RhoA/ROK signaling in mediating CH-induced pulmonary hypertension. Our present observations linking ET-1 to ROK-mediated Ca 2ϩ sensitization following CH, together with earlier reports that both ET-1 and ROK play a vital role in the development and maintenance of CH-induced pulmonary hypertension, further support the possibility that ET-1 contributes to pulmonary hypertension through stimulation of RhoA/ROK in pulmonary VSM.
In previous studies from our laboratory (26) , inhibition of ROK abolished UTP-induced Ca 2ϩ sensitization in arteries isolated from both control and CH rats. In contrast to these observations, however, Y-27632 attenuated but did not prevent the vasoconstrictor response to ET-1, suggesting either incom- sitization following CH, we further examined the effect of MLCK inhibition with ML-9 on this response. We found that ML-9 prevented the increase in ET-1 Ca 2ϩ sensitization following CH and normalized responses between groups, similar to ROK inhibition. These results suggest that a basal level of Ca 2ϩ -dependent MLCK activity is requisite for this augmented constriction and are consistent with Ca 2ϩ sensitization via inhibition of MLCP mediating enhanced VSM sensitivity to ET-1 following CH, as opposed to a mechanism involving Ca 2ϩ -independent phosphorylation of the MLC. However, we cannot exclude the possibility that such inhibitory effects of ML-9 result from nonspecific actions of the compound to inhibit ROK or other relevant kinases (2) . Interestingly, as with Y-27632, ML-9 did not abolish ET-1 Ca 2ϩ sensitization in either group. Again, this residual constriction may be due to incomplete inhibition of MLCK or rather direct phosphorylation of the MLC by ZIP kinase, ILK, or ROK.
Further supporting a role for ROK-dependent inhibition of MLCP in mediating ET-1-induced Ca 2ϩ sensitization, we found that ROK inhibition prevented phosphorylation of the MYPT1 subunit of MLCP in response to ET-1. Activation of the RhoA/ROK pathway results in the phosphorylation of at least two distinct residues, Thr 696 (pMYPT1   Thr696   ) , which inhibits the catalytic activity of MYPT1, and Thr 850 (pMYPT1
Thr850
), which reduces binding of MYPT1 to myosin (36) . In control arteries, ET-1 resulted in ROK-dependent phosphorylation of pMYPT1 Thr850 but not pMYPT1 Thr696 . This is similar to recent findings in primary cultures of rat aortic smooth muscle cells, rabbit portal vein, and rabbit vas deferens smooth muscle in which ET-1 had little effect on pMYPT1
Thr696 levels but increased pMYPT1
Thr850 (31, 58) . However, in contrast to control arteries, ET-1 stimulation of pulmonary arteries from CH animals resulted in ROK-dependent phosphorylation of pMYPT1
Thr696 but not pMYPT1 Thr850 . Although phosphorylation of either residue has been correlated with diminished phosphatase activity, CH appears to mediate a shift in ET-1-induced, ROK-dependent phosphorylation of MYPT1 from Thr 850 to Thr 696 . Whether this switch in targeting of MYPT1 phosphorylation sites contributes to the changes in VSM Ca 2ϩ sensitivity following CH remains to be determined.
In addition to differences in the phosphorylation of MYPT1 by ET-1, we also observed marked changes in the receptor subtype responsible for mediating ET-1-induced Ca 2ϩ sensitization between control and CH vessels. Whereas ET B R blockade provided a slight but significant inhibition in arteries from both groups, ET A R inhibition attenuated vasoconstriction only in arteries from CH animals. These data suggest that greater ROK-dependent Ca 2ϩ sensitization following CH is predominantly mediated by the ET A R. This observation is consistent with recent findings demonstrating that stimulation of ET A R, but not ET B R, is involved in RhoA activation in rabbit basilar arteries (39) , rat bronchial smooth muscle (6) , and rabbit circular and longitudinal smooth muscle (19) . It is unknown how CH mediates this shift to an ET A R-and ROK-dependent Ca 2ϩ -sensitization response to ET-1, however, it may involve an upregulation of ET A R expression (33) or rather an uncoupling of the receptor subtypes that results in a change in distal signaling mechanisms. Indeed, recent studies in HEK-293 cells demonstrated, by use of immunoprecipitation and fluorescence resonance energy transfer (FRET), that the ET A R and ET B R form heterodimers (15) . In addition, Gregan et al. (15) showed that prolonged incubation with an ET B R agonist resulted in the dissociation of the ET A R/ET B R heterodimers. Furthermore, it has been postulated that ET A R/ET B R heterodimers exist in renal (12, 22) and pulmonary VSM (49) .
Similar to the predominant role of the ET A R in activation of RhoA, it appears that the ET A R, but not the ET B R, is coupled to O 2 Ϫ production (12, 32, 34, 35) . Hypoxia increases vascular ROS synthesis (16, 30, 55) , and ET-1 has been shown to be a potent activator of O 2 Ϫ generation in VSM (34, 56) . A recent study by Jin et al. (29) suggests that ROS-induced Ca 2ϩ sensitization in rat aorta is mediated by activation of RhoA and a subsequent increase in ROK activity but not Ca 2ϩ -independent PKC activity. Therefore, we hypothesized that ROS mediate enhanced ROK-dependent Ca 2ϩ sensitization following CH. Consistent with this hypothesis, we found that the O 2 Ϫ scavenger tiron inhibited ET-1-induced Ca 2ϩ sensitization in CH arteries similar to that observed following ROK inhibition. In addition, the increased basal and ET-1-stimulated DHE fluorescence observed in CH arteries was normalized to that of control vessels by pretreatment with tiron, suggesting that CH increases basal O 2 Ϫ and facilitates ET-1 generated ROS. We next questioned whether increased ROS generation following CH mediates elevated basal and ET-1-induced RhoA activity in pulmonary arteries. Supporting this possibility is evidence that ROS can enhance GDP release from Rho GTPases and thus modulate their activity (18) . The redox sensitivity of these Rho GTPases is due to the presence of a redox-active motif (18) . To address whether ROS activate RhoA, we examined basal and stimulated levels of GTP-bound RhoA in the presence or absence of tiron in intrapulmonary arteries from control and CH rats. Similar to previous results (26), we found that CH increased both basal and ET-1 stimulated RhoA activity. Furthermore, these responses to CH were abolished by pretreatment with tiron, thus demonstrating a novel role for endogenous ROS to mediate increased basal and ET-1-stimulated RhoA activity following CH.
VSM ROS production appears to be important in ET-1-mediated Ca 2ϩ sensitization since tiron diminished responses in endothelium-denuded CH arteries in our preparation. However, whether ROS are generated by NADPH oxidase, xanthine oxidase, or the mitochondrial respiratory chain remains to be determined. Inhibitors of each of these sources have been shown to attenuate ROS-induced RhoA activation (1, 28, 29) . Furthermore, a recent study by Liu et al. (37) demonstrates that CH (10% O 2 for 3 wk) causes a significant increase in O 2 Ϫ production in intrapulmonary arteries of wild-type mice as measured by lucigenin-enhanced chemiluminescence, whereas this response to CH is absent in NADPH oxidase (gp91phox) knockout mice. Interestingly, they showed that the pathological changes associated with CH-induced pulmonary hypertension (elevated mean right ventricular pressure, medial wall thickening of small pulmonary arteries, and right heart hypertrophy) are completely abolished in NADPH oxidase (gp91phox) knockout mice, suggesting that NADPH oxidase provides the major source of ROS that contribute to CH-induced pulmonary hypertension (37) . Further investigation is needed to identify the source and mechanistic basis for both elevated basal and ET-1-stimulated ROS production in arteries from CH rats.
Consistent with recent evidence that CH induces ROKdependent myogenic tone in small pulmonary arteries (5) are findings from the present study that lower concentrations of ET-1 caused pronounced vasodilation in endothelium-intact arteries from CH rats but not controls. Whether this response to ET-1 reflects a reduction in CH-induced basal tone resulting from ET B R-mediated NO synthesis (25) remains to be determined. However, such a contribution of NO could account for the coincident fall in VSM [Ca 2ϩ ] i in response to ET-1 in CH arteries. A role for ROK in mediating CH-induced basal vasomotor tone is further supported by our current observations that Y-27632 elicited a substantial vasodilatory response under basal conditions only in endothelium-intact arteries from CH rats and prevented ET-1-mediated vasodilation. Interestingly, this vasodilatory response to ET-1 was similarly prevented by tiron, thus providing intriguing evidence for a critical contribution of O 2 Ϫ to ROK-dependent myogenic reactivity following CH.
Despite abundant evidence for a contribution of ET-1 to the development of pulmonary hypertension in rats (4, 7, 10) , our present findings that CH enhances ET-1-mediated vasoconstriction only at higher concentrations in endothelium-intact arteries may question the relevance of ET-1 to the vasoconstrictor component of CH-induced pulmonary hypertension. However, caution should be exercised in interpreting responses of isolated arteries to exogenous ET-1 in the context of the intact animal. Indeed, the local concentrations of ET-1 to which the VSM is exposed in vivo are presently unknown. Furthermore, it is possible that endogenous ET-1 is preferentially released toward the VSM, which could minimize endothelium-dependent vasodilatory influences of ET-1 on VSM tone. Nevertheless, it is becoming increasingly evident that ROK-mediated vasoconstriction plays a central role in the pulmonary hypertensive response to CH in rats (3, 17, 26, 41) . It is perhaps likely that other receptor-mediated agonists that signal through ROK but lack the profound endothelium-dependent vasodilatory capacity of ET-1 (20, 46) , along with inherent changes of the VSM that lead to ROK-dependent myogenic tone (5, 41) , function synergistically to promote vasoconstriction in the hypertensive pulmonary vasculature. Future studies are therefore necessary to evaluate the contribution of ROSmediated RhoA activation to CH-induced myogenicity and enhanced vasoreactivity to other agonists that signal through this pathway.
In conclusion, the present study demonstrates a novel role for CH-induced ROS generation to augment ET-1-mediated pulmonary VSM Ca 2ϩ sensitization through upregulation of RhoA/ROK signaling. This response to CH may have important implications for the regulation of pulmonary vascular resistance and resultant pulmonary hypertension associated with CH.
